Abstract-Generally, high-temperature superconducting coated conductors (CC) are hard to be quenched by local and transient disturbances during normal operation because of the high temperature margin and high heat capacity of the conductor. However, the CCs still have possibilities of unexpected quenches originated by the appearance of local defects due to repeated mechanical stresses, and by temperature rise of the long part of the CCs due to malfunction of the cryogenic system, for example. In this work, the hot spot temperature of a CC with copper stabilizer during quench protection sequence is calculated by a numerical analysis for quenches by both of the origins mentioned above. The practical amount of the stabilizer is discussed not to over-protect but for a coil system to surely survive from sever damages caused by quenches considering quench origins.
Study on Protection of HTS Coil Against Quench
I. INTRODUCTION R ECENTLY, R&Ds of HTS motors and generators are progressing greatly and it is realized that sure quench protection of the HTS coils is essential for sustainable operation of these rotational machines. It is considered that there are three kinds of causes of unexpected quenches during operation of a coil, a) transient heat disturbances, b) appearance of nonrecoverable local defects in the conductor which may be caused by fatigue effect due to repeated mechanical stresses during operation of the coil and c) temperature rise of long part of the conductor due to malfunction of cryogenic system, for example. HTS wires are hard to be quenched by the cause a) because of high temperature margin and high heat capacity of the conductor. However, the HTS coils still have possibilities to be quenched by the causes b) and c).
Most works on the quench issues are devoted to protection and stabilization of quenches by the cause a) [1] - [5] and our previous works [6] , [7] investigated the quenches by the cause b). However, protection against quenches by the cause c) is not well studied. Generally, field coils of rotating machines are composed of multiple unit coils. When one of unit coils is quenched by the cause b), the unit coil cannot be reused and need to be replaced by a new unit coil. Considering this, the amount of stabilizer can be determined allowing additional damages in the coil caused by a quench. On the other hand, in a case that a coil is quenched by the cause c), the coil should recover superconducting stare after the quench by surely protecting the coil. In this case, amount of stabilizer should be determined to keep the hot spot temperature safe level not to cause damages in the coil. Considering the above there is a possibility to reduce amount of stabilizer compared with the case considering only protection against quench by local defects.
In this work, maximum temperature of copper stabilized CC during quench protection sequence (hot spot temperature: T HS ) is calculated for a case that temperature of long part of the CC exceeds current sharing temperature and the CC becomes resistive. Based on the calculation, necessary amount of the copper stabilizer is estimated to suppress T HS below a given threshold. These results are compared with the case of quench by the cause b).
II. ANALYTICAL MODEL
Necessary amount of copper stabilizer is investigated by calculating hot spot temperature T HS of a model CC.
A. Structure of Model CC
A model conductor used in the analysis is illustrated in Fig. 1 
B. Calculation of Time Evolution of Conductor Temperature Profile
When the temperature of the conductor carrying transport current I t rises, the critical current of the superconducting layer I c decreases and if I c becomes lower than I t , sharing currents start to flow in the silver and copper layers. Current-sharing part of the conductor becomes resistive and dissipates heat. I c is given by the following equation as an approximation:
where T and T op are the conductor temperature and operation temperature of the coil respectively. I c0 is the critical current of the YBCO layer at T op . The critical temperature T c is assumed to be 91 K in the calculation. T c is dependent on magnetic field. We did the calculation putting T c = 80 K and found that the results were not much affected by T c . Assuming that distributions of currents in the silver, copper layers and superconducting layer are uniform in the cross sections of the corresponding layers, an equivalent circuit model for current distributions in layers of the CC can be formed as shown in the reference [6] . In the calculation it is assumed "n" value of CC is high enough to assume that sharing currents in silver and copper layers I sh is 0 for I t < I c and (
Knowing resistances of silver and copper layers, heat dissipation can be calculated in the current sharing part and using the following thermal equilibrium equation, time evolutions of conductor temperature profile can be numerically calculated.
where K (W/m · K) and C p (J/m 3 K) are the thermal conductivity and heat capacity per unit length of the conductor, respectively. P (W/m) is joule heat per the unit length of the conductor. K and C p are given by composition rule. W cool (W/m) is the heat conducted to and from the conductors of neighboring layers and put to zero in this analysis assuming the CC is thermally insulated. Details of the calculation are explained in the reference [6] . T HS is estimated from the calculated time evolutions of conductor temperature profile during sequence of quench detection and energy dump. The authors consider that the assumption of W cool = 0 is in safety side and reasonable for the purpose of the present analysis. Actually, necessary amount of d Cu was calculated to suppress T HS below a certain level for a case of W cool = 0 [7] and a case that W cool was taken into account of the thermal conductivity of electric insulation layers among the neighboring conductors [6] and the calculation results were not much different.
C. Quench Protection Sequence
It is assumed that the coil is protected by a commonly used sequence as follows. A quench in the coil is detected by monitoring the voltage across the resistive part of the conductor V q using a bridge balancing method. When V q exceeds a threshold level V qs , the power supply is disconnected from the coil and stored energy of the coil is dumped to the dump resistor Table I . Temperature dependencies of specific heats and resistivities of the conductor materials are taken into consideration in the calculation according to the data given in the reference [8] .
In this analysis, T op is determined to be 37 K assuming the coil is cooled by conduction cooling and considering the balance of efficiency of the cooling system and performance of CCs required for ship propulsion motors.
A. Quench Caused by Local and Non-Recoverable Defects
Relations of T HS and d Cu of the model conductor are obtained for the case that the model conductor carrying I t0 = η · I c0 is quenched by appearance of a local and non-recoverable defect (η : load factor). In the analysis it is assumed that the critical current of defected part of the conductor becomes zero and length of the defected part L d is 1 mm. Fig. 2 shows T HS vs. τ in the case of L d = 1 mm for V qs = 0.01 and 0.1 V and for d Cu = 100 ∼ 300 μm. Parameters used in the calculations and shown in Fig. 2 are the same in the following figures. Obviously from Fig. 2 , τ should be small to suppress T HS and it is necessary to enhance electric insulation of a coil and increase coil conductor current to make τ small. It is also obvious that if V qs is reduced to 0.01 V, d Cu can be reduced. However, it should be pointed out that reduction of V qs increases possibility of miss detection of quench due to noise in quench detection signal. Fig. 3(a) and (b) shows T HS vs. d Cu for V qs = 0.01 and 0.1 V. Fig. 4 is an example of time evolution of temperature profile of the model conductor in which defect of L d = 1 mm appears at x = 0 and t = 0 s. At t = 259 s V q reaches V qs = 0.1 V and the quench dump sequence starts and at t = 284 s the temperature reaches T HS = 460 K. In the above calculation delay time to start energy dump after detection of a quench t d is 0.2 s. Calculation was done for L d = 1 ∼ 10 mm but values of T HS were not much different.
B. Quench Caused by Temperature Rise of Long Part of Conductor
When temperature of a coil increases, coil conductor becomes resistive in the range where I t exceeds I c . When voltage across the resistive region V q exceeds V qs , quench protection sequence starts. In the calculation it is assumed the conductor temperature distribution in the resistive region is uniform when a quench is detected. Fig. 5(a) and (b) shows T HS vs. length of resistive part of the conductor L for τ = 5 and 10 s. As L is longer, T HS is lower, because a quench is detected at lower temperature rise of the conductor. As seen in Fig. 5 , for L exceeding a certain critical length L 0 which is dependent on the values of d Cu and τ , T HS becomes slightly above the current sharing temperature T sh at which I t equals to I c . T sh and L 0 calculated using the parameters given in Fig. 5 are as follows. T sh = 39.5 K. L 0 = 10.0, 10.2, 10.8 m for d cu = 150, 100, 50 μm, respectively in Fig. 5(a) and L 0 = 13.5, 13.8, 14.8 m for d cu = 150, 100, 50 μm, respectively in Fig. 5(b) . The result shown in Fig. 5 suggests that if a coil cooling system can be so designed that L is longer than L 0 in the worst fault case, T HS stays slightly above T sh . For example, if L is longer than 14.8 m, a coil is safely protected from the quench even in the case of d cu = 50 μm and τ = 10 s. However, it should be pointed out that the criteria of L > L 0 is very critical. For example, in the case that d cu = 50 μm and τ = 10 s, T HS becomes well above 600 K, if L is slightly shorter than L 0 = 14.8 m. 
C. Case Study of Model Coils
Necessary amount of copper stabilizer is studied more details taking examples of model coils, Coil 1 and Coil 2 parameters of which are shown in Table II In Coil 1, d Cu should be more than 300 μm to suppress T HS below 500 K at V qs = 0.1 V for a quench caused by a local defect and if d Cu is reduced to 200 μm, T HS becomes well over 1000 K and there is a risk to burn the coil even at more sensitive quench detection voltage V qs = 0.01 V (see Fig. 2 ). However, in the case that a quench caused only by temperature rise of the conductor and that a quench is not caused by a local defect, d Cu = 200 μm is enough to suppress T HS below 300 K at V qs = 0.1 V if L is longer than 13 m. Moreover, if L is longer than 14.8 m, d Cu can be reduced to 50 μm (Fig. 5) .
In Coil 2, d Cu = 200 μm can suppress T HS below 600 K and the coil can get rid of a risk of burning at V qs = 0.1 V for a quench caused by a local defect. In the case of a quench caused only by temperature rise of the conductor, d Cu can be reduce to 50 μm suppressing T HS slightly above T sh at V qs = 0.1 V, if L is longer than 10.8 m.
IV. DISCUSSIONS AND CONCLUDING REMARKS
Hot spot temperature of CCs T HS is investigated for case that a quench is caused by a local defect or by temperature rise in long part of CC. Calculation results are as follows:
1) It is shown that amount of d Cu to suppress T HS below a given level for a quench caused by a local defect is larger than that for a quench caused by temperature rise of long part of coil conductor. 
